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Introduction

20
Organic micropollutants (MPs) such as the active ingredients of pharmaceuticals, personal care 21 products, and pesticides are conveyed by sanitary sewers or by surface runoff and storm sewers 22 to wastewater treatment plants (WWTPs). There, the main removal process for polar organic 23 MPs is microbial biotransformation in the activated sludge compartment.
1,2 However, most MPs
24
are not fully mineralized, but rather biotransformed to transformation products (TPs), which 25 are then released with the WWTP effluents into the aquatic environment. wastewater effluents, lake sediments, and surface waters.
11-15 34
In order to generate a list of expected TPs for suspect screening, pathway prediction systems 35 are helpful. 16, 17 Currently freely available systems for the prediction of microbial biotransforma- Table 1 . Additionally, five N-oxide TPs (of PHE, VEN, LID, DEP, and PAR) were also included 105 in the biotransformation experiments.
106
Biotransformation Test System
107
The experimental setup for the biotransformation batch experiments was adopted from Helbling 108 et al. (2010) . 27 Activated sludge (3 L) was sampled from the nitrification basin of a half municipal (dimensionless).
Transformation Product Identification by Suspect and Non-target Screen-
ing
For TP identification, the underlying principles from Helbling et al (2010) 27 were applied using
136
Compound Discoverer 1.0 (Thermo Scientific) for suspect and non-target screening and Sieve in our structural interpretation, we assigned confidence levels as proposed by Schymanski et al.
164
(2014), 37 which ranged from Level 5 -exact mass, over Level 4 -unequivocal molecular formula,
165
Level 3 -tentative candidates, and Level 2 -probable structure, to Level 1 -confirmed structure.
166
Assignment of Biotransformation Reactions
167
In order to interpret the results in terms of biotransformation reactions, it was necessary to assign However, we cannot fully exclude the occurrence of transformation reactions whose resulting TPs
197
are so quickly further transformed that we are not able to observe them.
198
Results and Discussion
199
In total, 144 TPs were identified for the 19 investigated parent amines. Of these, 43 were 200 omitted since they were likely higher generation TPs. For these, information on exact mass,
201
retention time, and proposed elemental formula are given in Table S11 The two principal initial oxidative reactions at the amine functional group that are known from 226 mammalian metabolism of xenobiotics were also observed for the activated sludge system, namely N-fumarylated products were observed, of which only N-acetylation is known from the mammalian 231 metabolism of xenobiotics. These reactions will be discussed in detail in the following sections.
232
A schematic illustration of all reactions involving the amine functional group is given in Chapter
233
S3 in the SI. 
N-demethylvenlafaxine (NVE)
N-dealkylation (deamination) followed by oxidation of the aldehyde product to carboxylic acid and dehydration to alkene L 3 0.6 (32) rs either hydroxylation followed by oxidation to a carbonyl, hydroxylation in combination with desaturation, α-C-oxidation to amide, combination of Ndemethylation and N-formylation, or N-hydroxylation followed by oxidation to nitrone 
Ortho-chorophenylpiperazine (OCP)
N-hydroxylation or α-Chydroxylation to hemiaminal P 3 0.5 (75) rf N-dealkylation of 3° and 2° amine, followed by oxidation of aldehyde product to carboxylic acid
either α-C-oxidation to lactam or Nhydroxylation followed by oxidation to nitrone
followed by oxidation of aldehyde product to carboxylic acid and hydroxylamines can be reduced and backtransformed to the original parent amine.
255
As can be seen in Table 1 with a propargyl moiety might be particularly amenable to the N-oxidation reaction. Overall,
264
N-oxidation reactions were abundant for tertiary amines and thus constitute a major microbial 265 biotransformation pathway for these compounds.
266
To test if N-oxidized products can be reduced back to tertiary amines, we spiked an additional and since it is more likely to detect the product that bears the major structural unit, the reaction 297 is sometimes also named deamination if the carbonyl product bears the major structural unit.
298
In mammalian systems, N-dealkylation reactions occur for a variety of amines such as aliphatic, 
306
Since hemiaminals are usually unstable and a certain stability is only known for less basic amines,
307
it is possible that only some of the less basic aliphatic amines DEP and PAR and the aniline-308 derivative DCA actually formed hemiaminals. The maximal relative amounts for four of these TPs were higher than 5%, with a distinctly high 
377
No consistent pattern that pointed towards one of the two reaction paths was found. Overall, we 378 nevertheless conclude that formamide products of methylamine parents were more likely formed 
399
It should also be noted that the N-acylation products with short chains could be formed 400 from an N-acylation reaction with a longer substituent that is subsequently cleaved, rather than 401 by direct N-acylation. However, the frequency of detection, the time series patterns, and the 402 similarity to reactions observed in mammalian systems suggests that especially the N-acetylation,
403
N-formylation, and N-succinylation TPs were formed directly. 
412
It should further be noted that the products of N-acylation reactions of primary and secondary
413
amines are secondary and tertiary amides. It is known from both mammalian 32 and microbial 414 metabolism 26 that amides can be hydrolysed to form a carboxylic acid and an amine product.
415
In a previous study that explored biotransformation pathways of amide-containing compounds, it 416 was observed that amide hydrolysis mostly occurred for primary and secondary amides while for likely to be back-transformed through hydrolysis. 
Further biotransformation reactions
421
Additionally to reactions at the amine functional group, we found the following transformation 422 reactions ( Table   453 2. Reactions with either a relative frequency >30% or a mean maximal relative amount >1% 454 were judged as important compared to the spectrum of possible reactions and are illustrated in 455 bold in Table 2 and with a thick arrow in Figure 1 .
456
As can be seen in Figure 1 and Table 2 , tertiary amines were predominantly biotransformed 
